Introduction {#sec1-2331216519878539}
============

Chronic tinnitus is defined as a constant perception of sound without any external stimulation. It affects approximately 10% of the general population and can be very debilitating for around 2% of the population, as it can be associated with severe distress, insomnia, and depression ([@bibr10-2331216519878539]; [@bibr14-2331216519878539]; [@bibr30-2331216519878539]; [@bibr32-2331216519878539]; [@bibr33-2331216519878539]; [@bibr34-2331216519878539]; [@bibr35-2331216519878539]). Tinnitus is described as a bell ringing, a steam whistle, crickets, and other common everyday sounds ([@bibr51-2331216519878539]). When the loudness of the tinnitus is matched with external sounds, the frequencies composing the tinnitus percept are usually matched with tones only a few decibels above hearing thresholds, and this tinnitus equivalent level (TEL) is only weakly correlated with annoyance or handicap ([@bibr1-2331216519878539]; [@bibr3-2331216519878539]; [@bibr24-2331216519878539], [@bibr25-2331216519878539]). For some people suffering from tinnitus, it is possible to render the tinnitus inaudible by using sound stimulation. Over the past few decades, the properties of tinnitus masking have been investigated by numerous research groups using various techniques with the objective of unveiling pathophysiological mechanisms of tinnitus (e.g., cochlear vs. central) and differentiating possible subtypes ([@bibr4-2331216519878539]; [@bibr5-2331216519878539]; [@bibr6-2331216519878539]; [@bibr12-2331216519878539]; [@bibr15-2331216519878539]; [@bibr17-2331216519878539]; [@bibr36-2331216519878539]; [@bibr49-2331216519878539]; [@bibr50-2331216519878539]; [@bibr55-2331216519878539]; [@bibr57-2331216519878539]). As such, if tinnitus-related activity arises from the cochlea and is similar to the neural activity evoked by a tone or a narrowband noise, then tinnitus and external sound masking should be similar in terms of frequency resolution and ease of masking. Overall, the studies showed great variability between tinnitus patients: For instance, minimal stimulation at any frequency is sufficient to mask tinnitus in some cases ([@bibr5-2331216519878539]; [@bibr6-2331216519878539]; [@bibr12-2331216519878539]; [@bibr36-2331216519878539]; [@bibr55-2331216519878539]), while for others, only high-level stimulation can mask it ([@bibr4-2331216519878539]; [@bibr12-2331216519878539]; [@bibr36-2331216519878539]; [@bibr55-2331216519878539]). Surprisingly, tinnitus has been reported to be unmaskable in some rare cases even when reported as a faint signal ([@bibr12-2331216519878539]; [@bibr16-2331216519878539]; [@bibr29-2331216519878539]; [@bibr36-2331216519878539]). From these results, most authors concluded that tinnitus was not arising from the cochlea but rather from the auditory centers.

However, most studies have assessed the masking of tinnitus without assessing the masking of external sounds at the same frequency. They thus inferred that tinnitus masking was different from masking of external sounds. To directly compare masking of external sounds to tinnitus masking, the two procedures should be performed within the same individual using similar targets, that is, the external sound should be similar in pitch and intensity to the perceived tinnitus. A common method to determine the best masker frequency to mask an external sound is called psychophysical tuning curve (PTC). A PTC represents the level of a narrowband masker required to just mask a fixed signal as a function of the masker frequency. For normal-hearing individuals, it is well known that the closer the frequency of the masker is to the target, the lower the masker level required to mask the target: The PTC has a V shape, and this pattern is thought to originate from cochlear mechanisms. A tinnitus tuning curve (TTC) is the level of a narrowband masker required to just mask the tinnitus as a function of the masker frequency ([@bibr43-2331216519878539]). Direct comparison of TTCs and PTCs with similar targets (tinnitus for the former and an external sound mimicking tinnitus for the latter) was done in only two studies with a limited number of tinnitus patients ([@bibr4-2331216519878539]; [@bibr55-2331216519878539]; 10 and 8 patients, respectively). These researchers first performed a pitch- and a level-matching task to measure the tinnitus characteristics of each patient. They then assessed the TTCs and the PTCs using narrowband maskers with different center frequencies. In both of these studies, the conventional V shape was observed for the PTCs but not for the TTCs ([@bibr4-2331216519878539]; [@bibr55-2331216519878539]). From those results, the investigators concluded that tinnitus is unlikely to have a cochlear origin. However, there is some evidence of V-shaped TTCs in some cases ([@bibr15-2331216519878539]; [@bibr16-2331216519878539]; [@bibr57-2331216519878539]). However, PTCs were not measured in those cases.

The main goal of the present study was to investigate and compare TTCs and PTCs for a large group of tinnitus patients. We were also interested in comparing the intensity levels required to mask tinnitus to those required to mask a tinnitus-mimicking sound. Finally, PTCs are often used to detect cochlear dead regions (CDRs; [@bibr28-2331216519878539]; [@bibr42-2331216519878539]; [@bibr44-2331216519878539]). These are regions where the cochlear inner hair cells or auditory nerve fibers are poorly functioning or are entirely nonfunctional. In these cases, the tips of the PTCs are shifted away from the target frequency. It is assumed that the target frequency is detected by hair cells and neurons with a characteristic frequency at the boundary of the dead region corresponding to the frequency of the shifted tip ([@bibr42-2331216519878539]). CDRs have been shown to be present in many tinnitus patients ([@bibr11-2331216519878539]; [@bibr27-2331216519878539]; [@bibr52-2331216519878539]). In this context, the PTCs measured in the present study were also used to investigate the prevalence of CDR at the tinnitus frequency in our patient cohort.

Materials and Methods {#sec2-2331216519878539}
=====================

Patients {#sec3-2331216519878539}
--------

The medical records of 38 tinnitus patients of the IMERTA clinic in Marseille were analyzed in this retrospective study. The inclusion criteria were tinnitus as the patient's primary or secondary complaint after hearing loss. The data files were chosen from patients with chronic tinnitus (mean duration: 7 years, min: 1 month, max: 20 years) who had performed the psychoacoustic tasks during the standard clinical assessment. The records of six patients were excluded from further analysis: Two patients reported significant modification of their tinnitus during the psychoacoustic measurements (either a disappearance \[*n* = 1\] or a major tinnitus pitch modification \[*n* = 1\]). The records of two other patients were excluded because of too severe hearing loss in the tinnitus ear. Finally, data for two additional patients were excluded because of an inability to ignore the tinnitus percept in the contralateral ear. Thirty-two records, including 13 bilateral and 19 unilateral tinnitus cases, were analyzed. The mean age was 52 years (*SD* = 14), and there were 18 women and 14 men (see [Table 1](#table1-2331216519878539){ref-type="table"} for a detailed description of all patients). For two patients, the hearing test results were lost, and for four patients, the hearing test was not performed at the same time as the psychoacoustic measurements. The results of these six patients were included in most of the analyses except for which those that include measurements expressed in sensation level (dB SL). All patients gave oral consent for the use of their medical data. The project was approved by "Ramsay Général de Santé" institutional review board (ethics approval number COS-RGDS-2017-09-001). Table 1.Demographics and Tinnitus Characteristics of the Patients.\#PatientAge (years)SexTinnitus matchingTinnitus width (Hz)Tinnitus lateralityTinnitus duration (years)Tinnitus frequency (Hz)Tinnitus equivalent level (dB SPL)TTC typePTC typeTTC−PTC at F0 (dB)8MissingFemaleNoise800Bilateral150030FlatFlat−121662FemaleNoise800Bilateral12400070FlatFlat22767MaleNoise400Unilateral20830059FlatFlat2465FemaleTonal1Bilateral220049FlatFlat61868FemaleTonal1Unilateral20600070FlatFlat−81974MaleTonal1Bilateral20640081FlatFlat−102136FemaleTonal1Unilateral11120051FlatFlat32350FemaleTonal1Unilateral20840098FlatFlat12961MaleTonal1Bilateral11890046FlatFlat−11273MaleNoise400Unilateral1650043FlatU21672FemaleNoise785Bilateral120001FlatU3425MissingFemaleNoise700MissingMissing680049FlatU32244FemaleTonal1Unilateral1515751FlatU103MissingFemaleTonal1Bilateral8130043FlatU82839MaleTonal1Unilateral3800046FlatU0542MaleNoise800Bilateral5200028FlatV531154FemaleNoise400Bilateral5620034FlatV241361FemaleNoise300Unilateral5500041FlatV151519FemaleNoise700Unilateral2370061FlatV92643FemaleNoise1300Unilateral1730048FlatV3146FemaleTonal1Unilateral2210026FlatV213156MaleTonal1Unilateral0.1740049FlatV−42260MaleTonal1Unilateral5665067Shifted VFlat11461MaleNoise600Unilateral4620065Shifted VShifted V9946FemaleTonal1Bilateral19430045Shifted VShifted V162055MaleTonal1Unilateral0.3820057Shifted VShifted V193054MaleTonal1Unilateral1910086Shifted VShifted V−21040FemaleNoise600Unilateral14550017Shifted VV46746MaleNoise300BilateralMissing115055VV83240MaleNoise160Bilateral11060014VV−31763FemaleTonal1Bilateral8270011VV−32423MaleTonal1Unilateral2680035VV1[^2]

Stimuli and Apparatus {#sec4-2331216519878539}
---------------------

### Hearing assessment {#sec5-2331216519878539}

A health-care professional assessed hearing thresholds for each ear using a GSI 61 audiometer. Otoscopy was first performed to rule out any earwax impaction or middle ear pathology (otitis media). Hearing thresholds were then measured using the standard Hughson-Westlake procedure ([@bibr18-2331216519878539]) with TDH-39P headphones for frequencies from 250 to 8000 Hz and Sennheiser HDA-280 headphones for higher frequencies (\>8000 Hz). The hearing thresholds measured in dB HL were converted into dB sound pressure level (SPL) by using the calibration values of each headphone.

### Psychoacoustic tasks {#sec6-2331216519878539}

All the psychoacoustic measurements were obtained using Sennheiser HD-600 headphones and a Sound Blaster X-fi HD amplifier (model SB1240). Stimuli were generated using MATLAB. This program allowed the experimenter to manually control stimulation parameters such as the duration, intensity, center frequency, and bandwidth of the presented sounds. All of the psychoacoustic measurements were performed monaurally. The test ear was the tinnitus ear for patients with unilateral tinnitus and the ear with the loudest tinnitus percept for those with bilateral tinnitus. The experimenter adjusted the sounds based on patient responses for each psychoacoustic measurement.

### Tinnitus pitch and level matching {#sec7-2331216519878539}

For matching tinnitus pitch, a 1-kHz pure tone was first presented at an audible level. The patient was asked to judge the pitch of the target sound relative to that of their tinnitus: If the tinnitus was higher pitched, the frequency of the target was increased (½ octave steps) by the experimenter until the patient reported that it resembled the tinnitus percept. This was followed by a more precise matching procedure using 1/32 octave steps. If the tinnitus was judged to be more low-pitched than the target, the frequency of the target was decreased. The procedure was repeated until the patient reported a satisfactory tinnitus pitch match. The experimenter could also use a narrowband noise of a variable width to establish the best correspondence possible between the target sound and the timbre of the tinnitus. As such, after the best pitch match was obtained using pure tones, a narrowband noise of 1 octave bandwidth centered at the same frequency as the best pure-tone match was presented. The participant was then asked if the tinnitus corresponded more to the pure tone or to the noise. If the noise was chosen, the bandwidth was then increased or decreased until a satisfactory match was obtained. A participant reporting a multifrequency noise-like tinnitus usually reported a better match with a noise band. A satisfactory match was achieved for all the participants. For the tinnitus level matching, a target sound at the tinnitus frequency was presented at a low level (near the threshold), and its level was increased in 3 dB steps until the loudness of the target and the tinnitus was judged to be similar.

### PTC {#sec8-2331216519878539}

To measure a PTC, the fixed signal (or reference signal) was a pure tone at the tinnitus frequency with a level close to the loudness of the tinnitus (typically about 10 dB SL). The reference signal was always a pure tone even if the tinnitus was matched to a narrowband noise during the pitch-matching procedure. In this case, the pure tone frequency of the reference signal corresponded to the center frequency of the narrowband noise found in the pitch-matching procedure. The masker was a narrowband noise with a bandwidth of 320 Hz chosen to minimize the effect of beats ([@bibr28-2331216519878539]). A sequence of a 1-s narrowband noise masker followed by a 1-s silence period was presented continuously. A fixed tone signal of 0.1 s was presented three times consecutively during the presentation of the 1-s narrowband masker. The tone signal sequence started 250 ms after the beginning of the noise with an intersignal interval of 100 ms.

The experimenter controlled the stimuli. First, the tinnitus frequency (Hz) and its matching level (dB SPL), as previously measured with the pitch- and level-matching method, were entered into the software. The experimenter verified that the patient was able to distinguish the external tone from the tinnitus. If the patient had difficulty differentiating the two, the signal level was increased by a few decibels. No other adjustments were made to the target. The mean level of the reference signal was 48 dB SPL (*SD* = 22), and the mean TEL as assessed by the matching procedure was 46 dB SPL (*SD* = 23). A paired-sample *t* test comparing those two measures did not reveal a significant difference, *t*(31) = −1.87, *p* = .07. All patients were presented with a predetermined order of masker center frequencies: F−1, F−1/2, F−1/4, F−1/8, F0, F+1/8, F+1/4, F+1/2 octave. Each noise was initially presented at a low sensation level. The level was raised in 3 dB steps. The patient was instructed to alert the experimenter when they no longer heard the tone pips in the noise or when the sound level was deemed uncomfortable. Depending on patient reliability, the measurement was repeated two or three times for each center frequency, before testing the subsequent frequency.

### TTC {#sec9-2331216519878539}

To measure TTCs, the procedure and parameters were the same as described for the PTCs: The same noise maskers were presented in the same predetermined order. The level was also raised in 3 dB steps. The patient was instructed to alert the experimenter when they no longer heard their tinnitus in the noise or when the sound level was deemed uncomfortable. If the tinnitus was not maskable for a specific masker frequency, the final value was the sound limit of the program, that is, 106 dB SPL or the loudest masker level tolerated. Note, this situation was quite rare, with only one patient reaching the sound limit of the program for only the F+1/2 octave masker. The measurement was repeated two or three times, depending on patient reliability, for each center frequency before proceeding to the next.

Procedure {#sec10-2331216519878539}
---------

Clinical examination began generally with a case history of the patient. It was usually followed by the hearing test performed in a soundproof audiometric booth. All other measurements were performed in a quiet medical office.

Statistical Analysis {#sec11-2331216519878539}
--------------------

The PTCs or TTCs were first classified as having good frequency resolution if the difference in masker level between F0 and F−1 and F0 and F+1/2 was ≥12 dB for the former and ≥ 9 dB for the latter and were considered as having poor frequency resolution otherwise. Every PTC or TTC with poor resolution was classified as flat. If the PTC or TTC had good frequency resolution, then the shape was defined with more criteria. A V-shaped TTC or PTC was defined as a F0 masker level that was at least 3 dB lower than the masker level for the two neighboring masker frequencies (F−1/8 and F+1/8). A U-shaped PTC or TTC was defined as a curve that did not meet the V-shape criterion but met the less strict criterion of at least 3 dB lower masker level for F0 compared with F−1/4 and F+1/4. The name *U shape* refers to the absence of a sharp tip but with some frequency selectivity. Shifted V-shaped PTCs or TTCs, consistent with the presence of a CDR for the PTC, were defined as present when the level of the masker at the shifted tip was at least 3 dB lower than that at F0, for both PTCs and TTCs.

The TTCs were first categorized as V shape, U shape, shifted V shape, or flat. Categorization was refined by consideration of the PTC frequency resolution. For simplicity, the U shape and V shape were merged as one subtype (V shape) for the figures, but the two categories are still presented separately in [Table 1](#table1-2331216519878539){ref-type="table"}. To evaluate the frequency selectivity or resolution of the PTCs and TTCs, we normalized the masker values for all masker frequencies by subtracting the value obtained at F0 for each of the different groups.

Noise-like tinnitus and tone-like tinnitus was diagnosed based on the results obtained in the pitch-matching task. Patients were all presented with both pure tones and narrowband noises during the pitch-matching procedure. If the patient reported a more satisfactory tinnitus pitch match while pure tones were presented, tinnitus was considered tone-like. Reversely, if the patient felt more confident of their pitch match after narrowband noises were presented, tinnitus was considered noise-like.

The tinnitus sample was divided into three tinnitus pitch groups: low (*n* = 8, min: 200 Hz, max: 2100 Hz); medium (*n* = 11, min: 2700 Hz, max: 6500 Hz); and high (*n* = 13, min: 6650 Hz, max: 11200 Hz).

Statistical analyses of the data were performed using the Statistical Package for Social Sciences software (v22; SPSS Inc., Chicago, IL).

Results {#sec12-2331216519878539}
=======

PTC and TTC Shapes {#sec13-2331216519878539}
------------------

Examples of PTCs and TTCs are presented in [Figure 1](#fig1-2331216519878539){ref-type="fig"} (PTC: red triangles, TTC: black circles). The PTCs displayed good/fair frequency selectivity with a V/U shape in 56% (*n* = 18) of cases (see results for Patients 24, 32, 5, 1 in [Figure 1](#fig1-2331216519878539){ref-type="fig"}). In 31% (*n* = 10) of cases, the PTC was flat. Only four shifted V-shaped PTCs (12%) were found (see [Figure 2](#fig2-2331216519878539){ref-type="fig"}). Note, we did not test at higher frequencies. Most TTCs (69%) were flat (*n* = 22; see results for Patients 5, 1, 16, 23 in [Figure 1](#fig1-2331216519878539){ref-type="fig"}). In some cases, the flat TTCs had slightly higher masker levels for the higher neighboring frequencies (F+1/4, F+1/2) probably due to increased hearing loss at high frequencies ([Figure 1](#fig1-2331216519878539){ref-type="fig"}, Patient 23). Only 4 patients had a V-shaped TTC (see Patients 24, 32 in [Figure 1](#fig1-2331216519878539){ref-type="fig"}), while 6 had a shifted V-shaped TTC ([Figure 2](#fig2-2331216519878539){ref-type="fig"}), for a total of 31% of patients displaying some level of frequency resolution for tinnitus masking. When classifying patients on the combination of PTCs and TTCs, the three most prevalent categories were as follows: V/U-shaped PTC--flat TTC (*n* = 13), V/U-shaped PTCs and TTCs (*n* = 4), and flat PTCs and TTCs (*n* = 9; [Figure 1](#fig1-2331216519878539){ref-type="fig"}, [Table 1](#table1-2331216519878539){ref-type="table"}). For reading clarity, the V/U-shaped PTC and TTC groups are abbreviated by V-V, the V/U shape PTCs--flat TTCs by V-F, and the flat PTCs and TTCs by F-F. Other categories included shifted V-shaped PTCs and TTCs (*n* = 4), V-shaped PTCs and shifted V-shaped TTCs (*n* = 1), and flat PTCs and shifted V-shaped TTCs (*n* = 1; [Figure 2](#fig2-2331216519878539){ref-type="fig"}). This last category (Patient 22, [Figure 2](#fig2-2331216519878539){ref-type="fig"}) was not one we expected find. We speculate that its presence in this patient could be due to our permissive criteria for a shifted shape. Three cases of W-shaped PTCs were also found. These are most probably the result of the interaction between the noise masker and the target signal ([@bibr11-2331216519878539]; [@bibr28-2331216519878539]). Figure 1.Individual examples of PTCs (red triangles) and TTCs (black diamonds) for each TTC and PTC subgroup (V-V, V-F, and F-F). The blue squares show the hearing thresholds.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve; SPL = sound pressure level. Figure 2.PTCs (red triangles) and TTCs (black diamonds) for all patients with at least one shifted V shape. The blue squares show the hearing thresholds.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve; SPL = sound pressure level.

Frequency Selectivity of PTC and TTC {#sec14-2331216519878539}
------------------------------------

To compare the frequency selectivity of the curves, repeated-measures analysis of variance (ANOVA) was computed on the normalized masker level using Type (PTCs vs. TTCs) and Frequency (F−1, F−1/2, F−1/4, F−1/8, F+1/8, F+1/4, F+1/2) as the within-subject factors and Group (V-V, V-F, and F-F) as between-subject factor. The triple interaction was significant, *F*(12, 138) = 2.0, *p* = .03. To follow-up on the triple interaction, a similar ANOVA was run for each group separately. There was a significant interaction for the V-V, *F*(6, 18) = 6.3, *p* = .001, and V-F, *F*(6, 72) = 13.25, *p* \< .001, groups only ([Figure 3](#fig3-2331216519878539){ref-type="fig"}). To explore these interactions further, paired-sample *t* tests were run between the normalized masker levels for the TTCs and PTCs for each frequency for the V-V and V-F groups. This allowed us to compare the frequency resolution between the PTCs and the TTCs. We assumed that higher normalized masker values indicated better frequency resolution. As expected, the PTCs had significantly higher frequency resolution than the TTCs for all frequencies for the V-F subgroup ([Figure 3](#fig3-2331216519878539){ref-type="fig"}). For the V-V group, where the PTCs and the TTCs were both classified V shaped, the PTCs had significant higher frequency resolution at F+1/2 than the TTCs ([Figure 3](#fig3-2331216519878539){ref-type="fig"}). The normalized TTCs and PTCs for the shifted V shape are presented in [Figure 4](#fig4-2331216519878539){ref-type="fig"}. Figure 3.PTCs (upper graphs) and TTCs (middle graphs) normalized to the masker level at F0 and the difference between the PTCs and the TTCs (lower graphs).PTC = psychophysical tuning curve; TTC = tinnitus tuning curve. Figure 4.PTCs (red triangles) and TTCs (black diamonds) normalized to the masker level at F0 for all the patients with at least one shifted V shape.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve.

Tone Easier to Mask Than Tinnitus {#sec15-2331216519878539}
---------------------------------

To compare the masker levels required to mask the reference signal to the masker levels required to mask the tinnitus, a repeated-measures ANOVA was computed on maskers levels (dB SPL) using Type (PTCs vs. TTCs) and Frequency (F−1, F−1/2, F−1/4, F−1/8, F0, F+1/8, F+1/4, F+1/2) as the within-subject factors and Group (V-V, V-F and F-F) as between-subject factor. The three-way interaction between Type, Frequency, and Group was significant, *F*(21, 196) = 2.05, *p* = .006. To explore the interaction, an ANOVA was run separately for each group. The interaction between Type and Frequency was significant for groups V-V, *F*(7, 21) = 6.3, *p* \< .001, and V-F, *F*(7, 84) = 17.66, *p* \< .001. To explore the interaction, paired-sample *t* tests were run between the two types (PTCs vs. TTCs) for each frequency for these two groups. The tests revealed that tinnitus required a higher masker level than the reference signal at F−1/8, F0, and F+1/8 for the V-F subgroup ([Figure 5](#fig5-2331216519878539){ref-type="fig"}). Of the 13 patients in this subgroup, 11 required higher masker levels to mask the tinnitus than the reference signal for the F0 masker. The mean masker level difference between the tinnitus and the reference signal at F0 was 17 dB (*SD* = 15.8) for this group. In comparison, the difference was 0.8 dB (*SD* = 5) and −2 dB (*SD* = 6), for the V-V and the F-F groups, respectively. Finally, tinnitus was more easily maskable than the reference signal for the frequency masker F+1/2 for two out of the three subgroups, V-V and V-F ([Figure 5](#fig5-2331216519878539){ref-type="fig"}). Figure 5.The upper graphs represent the average PTCs (red triangles) and TTCs (black diamonds) for each masker frequency for each TTC and PTC group. The lower graphs represent individual differences between the TTC and PTC value for each masker frequency. A positive value suggests that the reference signal was more maskable than the tinnitus, and a negative value suggests that the tinnitus was more maskable than the reference signal.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve; SPL = sound pressure level.

Overall, at the tinnitus frequency (F0), 23 out of 32 (72%) patients needed a higher masker level to mask their tinnitus than to mask the reference signal (min: 1 dB, max: 53 dB; [Table 2](#table2-2331216519878539){ref-type="table"}). We decided to compare the group of patients for whom tinnitus required a higher masker level than the reference signal (*n* = 23) with the group of patients for whom the reverse was true (*n* = 8). The two groups did not differ in age, tinnitus duration, TEL, and hearing threshold at the tinnitus frequency. The difference between the presentation levels of the target for the PTCs and the tinnitus level (estimated from a matching procedure) was 1.2 dB (*SD* = 1.7) for the group where tinnitus was easier to mask than the reference signal and 1.5 dB (*SD* = 1) for the group where the tinnitus was more difficult to mask than the reference signal. This suggests that the ease in masking tinnitus in the group where tinnitus was more maskable than the reference signal was not attributable to differences in tinnitus levels or to a difference in the levels of the target between the two groups. The two groups marginally differed for tinnitus bandwidth with a lower bandwidth for the group with more easily maskable tinnitus (107 Hz vs. 352 Hz, *p* = .05). Table 2.Masker Level for Different Maskers Frequencies for Each Tinnitus Frequency Group.Mean frequency (Hz)PTC level (dB SPL)TTC level (dB SPL)Mean difference: TTC−PTC at F0 (dB)All patients (*n* = 32) F−1276472.165.6−5.8 F−1/2386662.360.1−2.2 F−1/4459858.659.00.4 F−1/8501452.757.44.8 F0546850.059.49.4 F+1/8596253.363.310.1 F+1/4650365.865.6−0.2 F+1/2768677.869.1−8.7Low-frequency tinnitus (*n* = 8) F−167769.065.1−3.9 F−1/295755.456.91.5 F−1/4113847.552.34.8 F−1/8124139.952.312.4 F0135335.951.916.0 F+1/8147638.156.818.6 F+1/4160951.654.12.5 F+1/2189967.853.0−14.8Medium-frequency tinnitus (*n* = 11) F−1256878.168.4−7.7 F−1/2363266.362.0−4.3 F−1/4431962.261.7−0.5 F−1/8471055.159.84.7 F0513653.564.511.0 F+1/8560158.664.25.6 F+1/4610867.969.11.2 F+1/2713779.969.9−10.0High-frequency tinnitus (*n* = 13) F−1421369.363.8−5.6 F−1/2585563.260.5−2.6 F−1/4696362.560.9−1.5 F−1/8759358.558.60.1 F0828155.859.84.0 F+1/8903058.166.78.6 F+1/4984872.669.7−2.9 F+1/21171182.378.5−3.8Noise-like tinnitus (*n* = 15) F0505044.160.316.2Tone-like tinnitus (*n* = 17) F0583755.258.73.4[^3]

The correlations between the individual differences between TTCs and PTCs at F0 and neighboring frequencies were strong for the closest frequencies and declined for the distant ones, suggesting good reliability (F0/F−1/8: *r* = .63, *p* \< .001; F0/F−1/4: *r* = .55, *p* = .001; F0/F−1/2: *r* = .38, *p* = .027; F0/F + 1/8: *r* = .77, *p* \< .001; F0/F + 1/4: *r* = .66, *p* \< .001; F0/F+1/2: *r* = .18, n.s.). Overall, at F0, the mean noise level required to mask the tinnitus was around 26 dB SL (*n* = 26, min: 2, max: 74), while 23 dB SL was perceived to mask the external tone (*n* = 26, min: −4, max: 55). There was a significant positive correlation between the TEL and the tinnitus masker level at F0, when both were expressed in dB SL (*n* = 26, *r* = .59, *p* = .002). This suggests that lower TELs require lower level maskers than higher TEL, at least when the masker is centered at the tinnitus frequency. The correlation between the level of the reference signal and the masker level required to mask the reference signal at F0 was also significant (*n* = 26, *r* = .53, *p* = .005).

Tonal Versus Noise-Like Tinnitus {#sec16-2331216519878539}
--------------------------------

To investigate whether tonal tinnitus was easier or harder to mask than noise-like tinnitus, the level differences of the masker at F0, that is, the TTC minus the PTC level, were compared using an independent sampled *t*-test. The noise-like tinnitus group had a significantly higher difference than the tone-like tinnitus group, *t*(19.6) = −2.4, *p* = .025, with means of 16.2 dB and 3.2 dB, respectively ([Figure 6](#fig6-2331216519878539){ref-type="fig"}). The mean F0 frequency and the PTC and the TTC levels for each group are shown in [Table 2](#table2-2331216519878539){ref-type="table"}. In the noise-like tinnitus group, only two patients had a negative level difference at F0 compared with six in the tone-like tinnitus group (values below the *x* axis of [Figure 6](#fig6-2331216519878539){ref-type="fig"}). The prevalence of noise-like tinnitus did not differ across groups: V-V (tone-like: 2, noise-like: 2), V-F (tone-like: 5, noise-like: 8), and F-F (tone-like: 6, noise-like: 3). Figure 6.The figure shows the individual masker level differences between the TTCs and the PTCs at F0 for the noise-like and tone-like tinnitus groups. The black hyphen represents the means for each group.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve.

PTCs and TTCs for Different Tinnitus Frequencies {#sec17-2331216519878539}
------------------------------------------------

Because it has previously been reported that high-frequency tinnitus is easier to mask than low-frequency tinnitus ([@bibr12-2331216519878539]; [@bibr36-2331216519878539], [@bibr55-2331216519878539]), we categorized patients based on their predominant tinnitus frequency, for example, low, medium and high frequency ([Table 2](#table2-2331216519878539){ref-type="table"}). To test whether the frequency of the tinnitus affected the differences in masker level between PTCs and TTCs, a mixed ANOVA was run using Type (TTC/PTC) and Masker Frequency as within-subject factors and Group (high-, medium- and low-pitch tinnitus) as a between-subject factor. The three-way interaction was significant, *F*(14, 203) = 2.2, *p* = .008. However, post hoc tests did not reveal any significant differences. The difference in masker level between the TTC and the PTC at F0 was 16 dB (*SD* = 20) for the low-frequency tinnitus group, 11 dB (*SD* = 16) for the medium-frequency group, and 4 dB (*SD* = 10) for the high-frequency group (see [Table 2](#table2-2331216519878539){ref-type="table"}, [Figure 7](#fig7-2331216519878539){ref-type="fig"}). The mean masker levels for tinnitus masking at F0 were 38 dB SL (*SD* = 22), 29 dB SL (*SD* = 22), and 17 dB SL (*SD* = 11) for the low-, medium-, and high-frequency groups, respectively. The mean TEL was 16 dB SL (*SD* = 5), 13 dB SL (*SD* = 11), and 13 dB SL (*SD* = 7), for the same groups, respectively. Figure 7.PTCs (red triangles) and TTCs (black diamonds) for the three groups based on tinnitus frequency: low-, medium-, and high-frequency. The blue squares show the hearing thresholds.PTC = psychophysical tuning curve; TTC = tinnitus tuning curve; SPL = sound pressure level.

Discussion {#sec18-2331216519878539}
==========

The main goal of the present study was to compare, in a relatively large set of tinnitus patients, TTCs with PTCs when the target was an external tone mimicking the tinnitus characteristics in terms of pitch and loudness. The PTCs provide an estimate of frequency selectivity around the tinnitus frequency and may also suggest the presence of CDRs. The PTCs also provide an estimate of the ease of masking a faint sound with and without the presence of hearing loss. As previously reported in the literature, we found that most TTCs shapes indicated very low levels of frequency selectivity ([@bibr4-2331216519878539]; [@bibr12-2331216519878539]; [@bibr36-2331216519878539]; [@bibr55-2331216519878539]), while most PTCs showed some frequency selectivity. When combining the PTC and TTC results, 41% of the patients were categorized as V-F, 28% as F-F, and 12% as V-V. Shifted V-shaped TTCs were found in 19% of cases. The V-shaped and shifted V-shaped TTC categories are interesting because the tinnitus behaves similarly to what would be expected from masking a physical sound.

Tinnitus masking occurred at a significantly lower masker level at F−1 and F+1/2 compared with the PTCs. Similar results were obtained by [@bibr55-2331216519878539] They used masker frequencies that extended far away from the tinnitus frequency, ranging from 0.5 to 10 kHz. They found that maskers more than an octave away from the tinnitus frequency required lower SPLs to mask tinnitus than were required to mask an external sound. They concluded that for most tinnitus patients, TTCs required lower masker levels than PTCs for masker frequencies that are around ±1 octave away from the tinnitus frequency. These investigators also reported that for some patients, the masker levels required to mask the tinnitus and the reference signal were similar mostly in the frequency regions of the tinnitus pitch. Finally, not much can be interpreted for the F-F group considering the absence of frequency resolution of the cochlear filter and the presence of cochlear damage as suggested by the flat PTCs. Across groups, in most cases (72%), tinnitus was more difficult to mask (i.e., required a higher level of the masker) than a matching external pure tone for masker centered at F0. This was particularly true for the V-F group, for which 11 out of 13 patients required a higher masker level for the tinnitus than the reference signal. However, for a minority of patients (25%), tinnitus was more easily masked than the reference signal when the masker was centered at the tinnitus frequency. Our results suggest that the type of tinnitus (tone- vs. noise-like) influence tinnitus masking: Noise-like tinnitus requires higher levels of masker to mask the tinnitus than the reference signal compared with tone-like tinnitus for which the tinnitus and the reference signal are masked by closer masker levels. Narrowband noises may not well be adapted to masking noise-like tinnitus, due to a wider pattern of excitation of noise-type tinnitus compared with tone-like tinnitus. Finally, 4 patients out of 32 displayed a shifted PTC tip suggestive of a CDR at the tinnitus frequency.

Tinnitus Classification Derived From TTC and PTC {#sec19-2331216519878539}
------------------------------------------------

In contrast to previous studies, the more closely spaced masker frequencies used in the present study (1/8 octave) and by one other group ([@bibr15-2331216519878539]) might explain why we found V-shaped and shifted V-shaped TTCs for some of our patient population, while others did not ([@bibr4-2331216519878539]; [@bibr55-2331216519878539]). The maskers used by [@bibr15-2331216519878539] were spaced by different values, but all were very close to 200 Hz (mean: 193 Hz ± 51, excluding one separation value of 794 Hz), and they found a V-shaped TTC in a single case study. Close inspection of [Figure 1](#fig1-2331216519878539){ref-type="fig"} from [@bibr55-2331216519878539] suggests that Subject 6 had a V-shaped TTC with a lower tinnitus masker level at the tinnitus frequency (6132 Hz, ∼80 dB SPL) than at the two neighboring frequencies (6000 Hz, ∼90 dB SPL; 7000 Hz, ∼85 dB SPL). In the same study, Subject 3 also seemed to display a shifted V-shaped TTC with a lower tinnitus masker level at 5000 Hz (50 dB SPL) than at the tinnitus frequency (6402 Hz, 70 dB SPL). In this particular case, the PTC was also shifted toward 5000 Hz, suggestive of the presence of a CDR near 6000 Hz. Overall, these results suggests that closely space masker frequencies may be more suited at finding V-shaped TTC than higher space maskers and are recommended in future research on TTC.

Tinnitus Harder to Mask Than the Reference signal {#sec20-2331216519878539}
-------------------------------------------------

The faint sound mimicking tinnitus (the reference signal) was more easily masked than the tinnitus for 72% of patients by a masker centered at F0. This was not directly assessed in the two previous studies comparing PTCs and TTCs ([@bibr4-2331216519878539]; [@bibr55-2331216519878539]), but similar results can be derived from their figures. Both studies showed that for some, tinnitus was more maskable at F0 than was a tone mimicking tinnitus (Patients 2, 3, 5 for [@bibr55-2331216519878539]; Patient 6, [@bibr4-2331216519878539]), while, for others, the tone was clearly more maskable than the tinnitus (Patients 7, 4 for [@bibr55-2331216519878539]; Patients 2, 5 for [@bibr4-2331216519878539]) or very close in levels (Patients 10, 9, 8, 6, 1 for [@bibr55-2331216519878539]; Patient 4, [@bibr4-2331216519878539]). Overall, these results suggest that, for some patients, tinnitus masking can be achieved quite easily with minimal stimulation.

Tinnitus Masking in Relation to Tinnitus Characteristics {#sec21-2331216519878539}
--------------------------------------------------------

Many researchers have attempted to link the ease of masking tinnitus with its characteristics such as pitch, TEL, and noisiness (tonal vs. noise; [@bibr4-2331216519878539]; [@bibr12-2331216519878539]; [@bibr29-2331216519878539]; [@bibr36-2331216519878539]; [@bibr38-2331216519878539]; [@bibr55-2331216519878539]). [@bibr12-2331216519878539] reported that patients who presented high-pitch tinnitus and high-frequency hearing loss displayed a typical TTC called *convergent* type. This type required a lower masker level for high-frequency maskers than for low- and medium-frequency maskers. He also reported a few reverse cases with a lower masker level for low-frequency maskers than for the high-frequency maskers in cases of normal hearing presenting with a pulsating hum that he categorized as a *divergent* type. Differences in TTCs for different tinnitus pitches have also been reported: Subject 4 of [@bibr55-2331216519878539], which was the only subject with a low-frequency tinnitus (1910 Hz) as opposed to a high-frequency tinnitus (\>5200 Hz), displayed a sharp PTC and a very flat TTC. In line with those findings, in the present study, we also found that the difference in masking between the TTC and the PTC at F0 was higher for the low-frequency tinnitus group than for the medium and the high-frequency groups.

Another tinnitus characteristic that has been assessed in relation to tinnitus masking is TEL. Some researchers reported an absence of relationship between the TEL of the tinnitus and its maskability ([@bibr4-2331216519878539]; [@bibr36-2331216519878539]). However, the conclusion of those two studies relies upon observations of single cases and on overall masking levels over a wide range of frequency maskers. When the relation between masker level and TEL are restricted to the tinnitus pitch region, one study showed a significant relationship between tinnitus masker level and the TEL (*r* = .78, *p* = .001, *n* = 22; [@bibr38-2331216519878539]). We similarly found a moderate significant relationship between the TEL and the masker level when the noise was centered at F0. These results suggest that the higher the TEL, the greater the level of a masker that is required to just mask the tinnitus. A similar relationship was found between the masker level at F0 and the level of the mimicking tone (PTC).

To our knowledge, there are no other reports comparing the ease of masking between noise-like and tone-like tinnitus. We classified the patient as experiencing noise-like tinnitus only if he reported a more satisfactory tinnitus pitch matching when presented with a narrowband noise than a tone. Indeed, we did not use the description of the patient to infer tinnitus type, for example, noise-like or tone-like, but rather used the matching procedure. It is well known that some tinnitus and hearing-impaired patients have difficulty differentiating a noise from a tone ([@bibr7-2331216519878539]), which could lead to erroneous classification of the internal representation of the tinnitus. We did find, however, that patients with noise-like tinnitus had higher masker level differences between TTCs and PTCs at F0. These results suggest that noise-like tinnitus is more difficult to mask than tone-like tinnitus. It is possible that tinnitus-related activity in noise-like tinnitus displays a more widespread excitation pattern in the tonotopic pathway than tone-like tinnitus. In these cases, broadband noises might be a more effective masker.

Cochlear Dead Regions {#sec22-2331216519878539}
---------------------

The association between tinnitus and CDR has been investigated previously ([@bibr11-2331216519878539]; [@bibr27-2331216519878539]; [@bibr46-2331216519878539]; [@bibr52-2331216519878539]; [@bibr59-2331216519878539]). PTCs and the TEN test ([@bibr45-2331216519878539]) evaluations revealed that CDRs can be present in tinnitus patients (between 34 to 55% of cases; [@bibr11-2331216519878539]; [@bibr27-2331216519878539]; [@bibr46-2331216519878539]; [@bibr52-2331216519878539]; [@bibr59-2331216519878539]). However, CDRs are not sufficient or necessary to induce tinnitus ([@bibr11-2331216519878539]), and it remains unclear if the prevalence of CDRs is higher in tinnitus patients than in matched controls with hearing loss ([@bibr27-2331216519878539]; [@bibr52-2331216519878539]). Indeed, [@bibr27-2331216519878539] concluded that the prevalence of CDRs in tinnitus patients might not be disproportionately high compared with subjects with hearing loss that do not suffer from tinnitus. Interestingly, they found that, in tinnitus patients with CDRs, the predominant frequency of the tinnitus spectrum was usually associated with a frequency at or above the edge frequency of the CDR. In the current study, the prevalence of CDR at the tinnitus frequency, as defined by a shift of the tip of the PTCs away from F0, was low, with only 4 patients out of the 32 patients investigated. The low prevalence of CDRs is probably related to the fact that we only assessed the PTCs at the tinnitus frequency. A more thorough investigation of the presence of CDRs, in particular at frequencies higher than the tinnitus frequency, might increase the prevalence of CDRs in our sample.

The four patients with shifted V-shaped PTCs, suggestive of the presence of CDRs, also had shifted V-shaped TTCs. Importantly, this result suggests that even in the presence of a CDR at or near the tinnitus frequency, tinnitus masking can occur. For these patients the shifted tip of the TTCs corresponded roughly to the shifted tip of the PTCs. If one assumes that the shifted tip of a PTC reflects off-frequency listening ([@bibr42-2331216519878539]), then it seems likely that the shifted tip of the TTC reflects off-frequency masking. If the frequency region of the CDRs encompasses the tinnitus frequency, it should be difficult to mask the tinnitus by using external sounds targeted at or around the tinnitus frequency. One possible method for the acoustic signal to interfere with the tinnitus at more central levels would be by stimulating at the CDR boundary. An alternative possible explanation is that the CDR in those patients is composed of less functional but not completely nonfunctional sensory cells. In this case, a high level of stimulation could be sufficient to produce masking. This could also explain why a predominant tinnitus frequency within a CDR could be pitch matched. A tone presented at a frequency within the CDR should have a similar pitch to a tone presented at the edge frequency even though the percept may be distorted if the CDR is completely nonfunctional ([@bibr26-2331216519878539]). Distorted perception has been shown to occur only when the frequency of the tone falls more than 0.5 octaves away from the edge frequency, which is not the case for the four patients presented here ([@bibr26-2331216519878539]). Alternatively, if pitch is not coded entirely in terms of place, than the tinnitus pitch match in the presence of CDRs could have been made through temporal coding. There is also the possibility that patients might have made errors during the pitch-matching procedure.

Implications for the Mechanisms and Subtyping of Tinnitus {#sec23-2331216519878539}
---------------------------------------------------------

The results obtained in the present study may have implications for the mechanisms of tinnitus. The combination of sharp PTCs with flat TTCs (V-F pattern of masking) is generally interpreted as being consistent with the idea that tinnitus-related activity is generated at central level ([@bibr55-2331216519878539]). Conversely, it was postulated that narrow TTCs and PTCs could reflect tinnitus-related activity generated at the cochlear level ([@bibr55-2331216519878539]). While we believe that this interpretation is too simplistic, we agree that the V-F pattern of masking is indeed not consistent with peripheral tinnitus-related activity. This tinnitus subtype represents an interesting paradox: While tinnitus can be described as having a clear pitch (suggesting that tinnitus-related activity is circumscribed to a relatively narrow tonotopic region), the masking pattern does not show any frequency selectivity. We suggest that this particular pattern of masking (V-F) could result from tinnitus-related activity that is generated in the nonlemniscal (nontonotopic) pathway or in a central region where neurons integrate sensory inputs over a wide frequency range ([@bibr39-2331216519878539], [@bibr40-2331216519878539]; [@bibr41-2331216519878539]). In that particular tinnitus subtype, any stimulus above a certain threshold may activate the central neurons that integrate sensory inputs over a wide frequency range involved in the representation of tinnitus, thereby interfering with the tinnitus percept. It is unclear, however, how this mechanism can account for the fact that most tinnitus has a clear pitch. On the other hand, V-shaped TTCs may result from tinnitus-related activity that is generated at the cochlear level or at central level within the lemniscal (tonotopic) pathway.

Clinical Implications {#sec24-2331216519878539}
---------------------

The TTC and PTC results might have several clinical implications. First, the current clinical practice of tinnitus pitch matching often uses a forced-choice paradigm that is considered difficult for patients, which requires a substantial amount of time and has poor test--retest reliability ([@bibr4-2331216519878539]; [@bibr20-2331216519878539]; [@bibr21-2331216519878539], [@bibr22-2331216519878539]; [@bibr37-2331216519878539]; [@bibr47-2331216519878539]). The TTC procedure may be used clinically as a complementary validation of the tinnitus pitch obtained by other procedures for some cases. A masking task has been reported to be much easier to do for subjects than the tinnitus pitch-matching task ([@bibr15-2331216519878539]). In the present study and a previous one ([@bibr16-2331216519878539]), TTCs were found, in some cases, to show a minimum at/near the dominant tinnitus frequency. Therefore, TTCs may be useful for confirming the dominant tinnitus pitch in those 30% of cases showing V-shaped masking patterns. Interestingly, TTCs can also reveal or suggest additional tinnitus components that have not been found during the tinnitus pitch-matching procedure where a single dominant pitch is assessed (see [@bibr16-2331216519878539]). It is conceivable that the masking curve of a multifrequency tinnitus could result in multiple masking curve tips where each tips would coincide with one predominant frequency component. As an example, we previously showed a case where the hearing loss notch, the tinnitus pitch match, and the tip of the masking curve of a tinnitus patient were all converging at 3 kHz ([Figure 3](#fig3-2331216519878539){ref-type="fig"}, [@bibr16-2331216519878539]). Still, there was another clear tip in the masking curve at 8 kHz that we interpreted as a potential additional tinnitus component (masking values at adjacent frequencies were more than 20 dB higher): The patient would have a tinnitus with a 3- and 8-kHz frequency component. As we did not validate with the patient that his tinnitus had indeed two frequency components, we cannot be sure that the second tip was truly an additional tinnitus component. The importance of a good and reliable tinnitus pitch match has been reported to be critical for some acoustic therapies precisely targeting the tinnitus frequency region ([@bibr9-2331216519878539]; [@bibr48-2331216519878539]; [@bibr53-2331216519878539]; [@bibr54-2331216519878539]; [@bibr58-2331216519878539]; [@bibr60-2331216519878539]). Failure of good pitch matching has been reported as one of several possible factors explaining treatment failure for those therapies ([@bibr53-2331216519878539]; [@bibr54-2331216519878539]; [@bibr60-2331216519878539]). The corroboration of tinnitus pitch matching using another technique than the classical forced-choice paradigm might be even more important as the tinnitus pitch may be more complex in some patients with potentially more than one component ([@bibr16-2331216519878539]; [@bibr62-2331216519878539]). This may also corroborate patients' report of several tinnitus pitches.

Note, however, that the lack of frequency selectivity of the TTCs in subjects with V-F and F-F masking patterns questions the validity of the acoustic approaches that are based on targeting the tinnitus frequency. Indeed, it is unclear how an acoustic stimulus can specifically target the tinnitus frequency when the TTC is flat (or even showing some degree of selectivity when frequencies further away from the tinnitus frequency are used). Some selectivity of tinnitus masking has been found in subjects with high-frequency hearing loss: The minimum masking level (MML), which is the lowest level of a noise required to just mask the tinnitus, was lower in the high-frequency regions compared with lower frequency regions ([@bibr16-2331216519878539]). If the search for a lower MML has some significance for the design of therapeutic acoustic sequences (note, targeting the frequency region where MML is lower may be more efficient than targeting the tinnitus pitch---when the two regions do not coincide; [@bibr16-2331216519878539]), this result suggests that the measurement of the TTC should be done at and around the tinnitus frequency and also at frequencies in the hearing loss regions, as the two frequency regions may not always coincide.

In the clinic, tinnitus masking is usually performed by measuring the lowest level of a broadband noise or a narrowband noise required to just mask the tinnitus and is referred to as "minimum masking level (MML)" ([@bibr19-2331216519878539]). Specialized audiologists, as part of their tinnitus psychoacoustic assessment, sometimes perform this measure, but it is not routinely performed or even recommended for clinical use ([@bibr30-2331216519878539]). This is surprising considering that the MML was once judged essential to evaluate the possible efficacy of tinnitus maskers as a treatment and to guide the fitting of noise generators ([@bibr56-2331216519878539]). In this context, the MML was measured using narrowband noise of different center frequencies to determine the noise that provided the most efficient masking at the lowest levels for use in noise generators. This was thought to maximize acceptance and comfort: Acceptance of masking therapies was reported to be higher for low masker levels, and these may interfere less with hearing communication than higher levels of noise. Given the results of the current study and other related research on the topic of tinnitus masking ([@bibr16-2331216519878539]; [@bibr38-2331216519878539]; [@bibr49-2331216519878539]), we believe that MML, or TTC, should be incorporated in an audiology battery of tests for tinnitus. These results could guide intervention using noise masker as was once recommended ([@bibr56-2331216519878539]). However, clinical efficacy of this technique and similar ones has been made solely on the basis of retrospective clinical data of patients treated with tinnitus masking ([@bibr23-2331216519878539]). There is a clear need for more clinical research in this area. To date, the fitting of noise generators provided by almost all hearing aid companies relies mostly on clinician experience and patients' own impressions of the therapy.
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